Background {#Sec1}
==========

The successful implementation of cervical cancer (CC) screening and the introduction of human papillomavirus (HPV) vaccine as a preventative strategy to reduce cervical cancer burden has had a great impact especially in the high-income countries (HIC) \[[@CR1]\]. However, CC is still estimated to be the fourth most common cancer worldwide among women, with an increasing number of new cases: from 493,000 new cases in 2002 to 530,000 in 2008, and the number of deaths increasing from 274,000 in 2002 to 275,000 deaths in 2008 \[[@CR2]--[@CR4]\]. About 85% of the world's CC cases occur in the low-income countries (LICs) \[[@CR5]\]. CC is the most frequent cancer type among women in Africa, and highly prevalent among women ages 15 to 44 \[[@CR6]\] and in the most disadvantaged population \[[@CR7]\]. Over 90% of all cervical cancer cases are caused by persistent infection with high-risk types Human Papillomaviruses (HPV) \[[@CR1], [@CR6]\], which can lead to pre-cancerous lesions that may progress to invasive cervical carcinoma if left untreated \[[@CR6]\].

The lack of data and poor quality data on CC are likely to result in an underestimated number of CC cases, since women often die of other competing causes, e.g. other AIDS defining illnesses, prior to cervical cancer diagnosis, and since the poor health infrastructure in many LICs results in under-reporting of CC \[[@CR6]\]. However, quantifying the CC rate is a critical first step towards prevention as it provides vital information to policy and decision-makers when ascertaining all resources needed to tackle the disease \[[@CR7], [@CR8]\]. It has been established that the most accurate measure of CC incidence can be attained from population-based registries, which provide estimates of disease occurrence in a well-defined population \[[@CR9]\]. Research has demonstrated that the quality and completeness of data collection, as well as accurate and reliable measures of population denominators are very crucial components for cancer registries \[[@CR7]\]. Unfortunately, for LICs like Swaziland, the lack of proper resources and infrastructure for case findings and reporting prevent the establishment and maintenance of accurate cancer registries. Furthermore, such challenges in LICs have contributed to the fact that many cases of CC go undiagnosed and unreported \[[@CR1], [@CR2]\]. About 80% of cervical cancer patients in developing countries like Swaziland present with late-stage tumors when they are diagnosed, resulting in poor prognosis \[[@CR2]\]. As means of cervical cancer screening, Pap smear was introduced in national cervical cancer prevention programme in 1983 \[[@CR10]\]. However, in 2009, the government of Swaziland incorporated the "See and Treat" approach to quicken the early detection of cervical lesions and facilitate the extension of cervical cancer prevention services across four political regions \[[@CR11]\].Currently, HPV vaccine is not part of Extended Programme on Immunization (EPI) in the country.

The understanding of the epidemiology and natural history of cervical cancer at population level and to prevent the escalating burden of the disease in LICs is essential. Scarcity of country data on the burden of cervical cancer remains a huge challenge in some LICs such as Swaziland, yet such data are critical to informing decisions about resource allocation to combat the disease. The lack of cancer registries to provide these data in LICs is the major limitation to establish cancer incidence.

The aim of this study is to develop a prediction model to estimate cervical cancer incidence without a population-based cancer registry, but using currently country detected hr-HPV prevalence and other continental prevalence. Measuring the CC burden is of paramount importance to better inform policy guidance on cervical cancer screening, as well as developing strategies on HPV vaccine implementation.

Methods {#Sec2}
=======

Estimation methods {#Sec3}
------------------

In our study, we applied 3 methods to estimates the cervical cancer data:

For ***method 1***, we employed indirect standardization to estimate expected incidence in Swaziland by applying age-specific CC incidence rates for the Southern African region from GLOBOCAN 2012 estimates \[[@CR12]\] to the 2014 Swazi female population structure \[[@CR13]\] to obtain the expected number cases per age-group and to estimate CC incidence among women aged 30 + .These summed expected cases were scaled by the population total and multiplied by 100,000. ***Method 2***: an ecological regression model (e.g. \[[@CR14]\]) was employed to regress age standardized CC incidence at country level from GLOBOCAN 2012 \[[@CR12]\] in sub-Saharan Africa (SSA) countries against hr-HPV prevalence among women with normal cervical cytology \[[@CR15]\] and including additional covariates such as HIV prevalence and adolescent birth rate. ***Method 3***: a mathematical natural history model based on 3 scenarios (average, best and worst case) as part of the sensitivity analysis. Further details are provided below under the statistical methods section as well as in Additional file [1](#MOESM1){ref-type="media"}.

Data collection {#Sec4}
---------------

Different countries' age-specific prevalence data on HPV infection were available. We obtained the following data:

### HPV prevalence {#Sec5}

HPV prevalence estimates for Swaziland were obtained from a local survey undertaken between June and July, 2015. The main aim of this survey was to estimate prevalence and identify associated determinants of hr-HPV, including HIV infection \[[@CR16]\]. A total of 655 women aged between 15 and 49 years from five health facilities were randomly enrolled using a cross-sectional study design. Cervical cells were tested for hr-HPV types using GeneXpert HPV Assays. Age and region-weighted analyses were done to estimate the overall hr-HPV prevalence and co-infection with HIV infection given the stratified systematic random sampling design. Survey weighted analysis was done to adjust the sample characteristic to match up with the population (age 15--49 years) that they were selected to represent. Other prevalence of HPV infection was derived from a meta-analysis of age-specific HPV prevalence in 1 million women with normal cytology; methods are detailed elsewhere \[[@CR1]\]. Prevalence of hr-HPV among women with normal cervical cytology in Africa by country was also utilised \[[@CR15]\].

### Cervical cancer incidence {#Sec6}

Since no local cancer registry data (especially age-standardized CC incidence (ASR)) were available for Swaziland, we extracted age-specific cervical cancer incidence rates for available countries from GLOBOCAN 2012 \[[@CR12]\] for both use in methods 1 (indirect standardization approach) and for method 2 (regression against prevalence of hr-HPV among women with normal cytology).

Statistical analysis {#Sec7}
--------------------

Statistical analyses were done using Stata 13.0SE (Stata Corp.College station, Texas, USA). To summarize the strength of the linear correlation between country's hr-HPV in women ages 15--49 and CC incidence rates we used the Spearman rank correlation coefficient (r). Furthermore, an ecological country level linear regression model was used to predict cervical cancer incidence from hr-HPV prevalence. The hr-HPV prevalence estimate from the aforementioned survey (namely 46.2%) was then used to on the fitted line to estimate the age-standardized incidence in Swaziland. The dependent variable was checked for normality and best transformation (square root) applied. A model with local hr-HPV prevalence and HPV prevalence among women with normal cytology from 5 continents, predicting CC incidence was considered the "base model". In our analysis we further restricted the regression analysis between age standard incidences of cervical cancer (Swazi ASR estimate from GLOBOCAN-2012) \[[@CR12]\] vs HPV prevalence among women with normal cytology from African countries \[[@CR1]\] given the relatively higher burden in Africa and the potential for underestimation if more developed settings are included. In addition, we also run a version of this model with HIV prevalence as covariate to account for the potential population level impact attributed to enhanced HPV carcinogenesis due to HIV-related immunosuppression.

The mathematical model for the natural history of HPV infection and cervical carcinogenesis (decision tree framework) was implemented in Tree Age Pro using a Markov modeling approach \[[@CR17], [@CR18]\]. A Markov process is characterized by specifying the finite set of possible states and the stationary probabilities of transition between these states (progression and regression) as well as retention in the current state. We employed a decision tree approach which was composed of 7 health states \[[@CR19]\], reflecting the natural history of the disease: no infection (healthy), infection with an oncogenic HPV virus without precancerous or cancerous lesion; cervical intraepithelial neoplasia (CIN) grade 1; CIN grade 2 or 3; persistent CIN grade 2 or 3; CC; diagnosed CIN grade 1 through screening; diagnosed CIN grade 2 or 3 through screening; diagnosed persistent CIN grade 2 or 3 through screening; CC; death from CC. A diagrammatic representation of the model structure used in presented in Additional file [1](#MOESM1){ref-type="media"}. The states and natural history transition probabilities employed are shown in Table [2](#Tab2){ref-type="table"}. We also developed a table with various annual progression and regression probabilities based on previous studies and available literature. As part of our sensitivity analysis we used both the mean value for each parameter based on available literature and context specific prevalence estimates as well as the min and maximum parameter values identified (either in the literature or based on the 95% CI off the survey parameter used e.g. hr-HPV prevalence in Swaziland based on the aforementioned survey that was conducted by the lead author. These yielded the 3 different scenarios alluded to earlier, namely: most likely, best and worst case.

Results {#Sec8}
=======

Model 1: Age-specific CC incidence rate for the southern African region extrapolated to the 2014 Swaziland female population {#Sec9}
----------------------------------------------------------------------------------------------------------------------------

The age-specific incidence rates by age group for Southern Africa from GLOBOCAN 2012 are presented in Fig. [1](#Fig1){ref-type="fig"}. The overall annual expected number of incident CC cases in Swaziland was 106 (95%CI: 101--110) and the CC incidence rate was estimated at 68.5 per 100,000 (95%CI: 65.7--71.2) among women age 30+ (Table [1](#Tab1){ref-type="table"}).Fig. 1Age-specific cervical cancer incidence rate for the Southern African regionTable 1Expected number of cervical cancer estimates of women in Swaziland extrapolated to Swazi female population based on 2014 structureAge groupPop (2014)^a^Age specific incidence rate for Southern African^b^Expected number of casesLowerUpper30--3446,79330.9603114.4872613.2555515.7189635--3937,47244.406916.6401515.6589917.6213240--4429,48459.7265417.6097716.8861618.3333945--4922,96076.3210417.5233116.9319518.1146750--5417,65593.0631916.4303115.932716.9279155--5913,765108.329114.911514.5342215.2887860--6410,523120.281912.6572612.3652712.9492665--697935127.381710.107749.85335710.3621270--745592128.89137.2076017.0359717.37923275+7081125.07978.8568948.5317899.181999Overall (30+)199,260136.4318130.986141.8776Incidence (30+) per 100,00068.5 (95% CI: 65.7--71.2)^a^Extrapolated to the 2014 Swaziland female population structure from the Swaziland Population Projections 2007--2030^b^Estimates from GLOBOCAN 2012 report

Model 2: Linear regression model {#Sec10}
--------------------------------

The ASIR was not normally distributed; however, a square root transform corrected this issue. We thus used square rooted ASIR as the dependent variable in the model. Figure [2](#Fig2){ref-type="fig"} highlights the strong relationship between hr-HPV prevalence among women with normal cytology and age standardised cervical cancer incidence among African counties with available data. We observed a moderate positive correlation between ASIR and HPV (Spearman rank correlation coefficient \[r\] = + 0.44, *p* \< 0.001). The model (without HIV as a covariate) estimated an age-standardized cervical cancer incidence of 62.6 per 100,000 women (95%CI: 53.7--71.8) in Swaziland (Fig. [2a](#Fig2){ref-type="fig"}). In the model which included HIV as a covariate the projected age standard incidence increased to 101.1 per 100,000 (95%CI: 90.3--112.2) (Fig. [2b](#Fig2){ref-type="fig"}).Fig. 2Showing the association between HPV prevalence among women with normal cytology from African countries and standardized CC incidence in women ages 15--75+. HPV only. HPV and HIV

Model 3: Mathematical natural history Markov model {#Sec11}
--------------------------------------------------

The parameter values used in the three different scenarios are presented in Table [2](#Tab2){ref-type="table"}: scenario 1, the scenario containing the annual average progression/regression of all natural history parameters; scenario 2, using the minimum value for all natural history parameters; and scenario 3; the worst case scenario where the maximum values for all natural history parameters were utilized. Based on scenario 1, 2 and 3, the estimated age-standardized cervical cancer incidence was estimated at 44.6 per 100,000; 41.5 per 100,000 and 52.1 per 100,000 respectively.Table 2Model of Natural History Parameters: Annual AverageParameters calibrationAverageMinMaxSource (Reference no.)Baseline calibration Well to hr-HPV46.2%42.8%49.5%\[[@CR16]\] HPV16 and/or 1825.9%20.0%33.4% CIN14.4%3.0%5.5 CIN20.6%0.1%2.9% CIN30.6%0.12%2.9% invasive cervical cancer0.50.5%0.5%Progression from well to.. hr-HPV infection6.1%0.0%14.0%\[[@CR20], [@CR21]\]Progression from hr-HPV (12 types) to. to CIN16.3%5.0%7.9%\[[@CR20]--[@CR22]\] to CIN20.1%0.1%0.1%\[[@CR23]\] to CIN31.1%0.1%2.0%\[[@CR23], [@CR24]\]Progression from hr-HPV 16/18 to. to CIN19.9%9.9%9.9%\[[@CR25], [@CR26]\] to CIN20.6%0.6%0.6%\[[@CR23]\] to CIN31.5%1.5%1.5%\[[@CR23]\]Progression from CIN1 to CIN25.2%1.0%13.6%\[[@CR21], [@CR22], [@CR26]--[@CR30]\] to CIN310.1%0.9%29.0%\[[@CR21], [@CR22], [@CR27], [@CR28], [@CR30]--[@CR33]\]Progression from CIN2 to CIN39.1%4.2%14.0%\[[@CR26]--[@CR29], [@CR34], [@CR35]\] to ICC3.4%0.2%10.0%\[[@CR21], [@CR22], [@CR27], [@CR28], [@CR34]--[@CR36]\] CIN3 to Invasive Cervical Cancer2.6%1.1%4.1%\[[@CR26]--[@CR28], [@CR37]\] Annual mortality rate for cervical cancer^a^6.4%3.1%60.1%\[[@CR18], [@CR38]\]Regression from hr-HPV (12 types) to. with normal smear to well50.3%42.0%58.6%\[[@CR21], [@CR39]\] with mild smear to well45.6%45.6%45.6%\[[@CR39]\]Regression from hr-HPV to. with normal smear to well37.7%31.6%43.8%\[[@CR24], [@CR39]\] with mild smear to well21.8%21.8%21.8%\[[@CR39]\]Regression from CIN1 to well42.9%9.8%78.0%\[[@CR21], [@CR22], [@CR26], [@CR28], [@CR30], [@CR31], [@CR33], [@CR36], [@CR39]\] to hr-HPV4.9%2.4%7.3%\[[@CR27], [@CR28], [@CR36], [@CR40]\]Regression from CIN2 to well20.4%9.4%38.0%\[[@CR21], [@CR22], [@CR24], [@CR26]--[@CR28], [@CR35], [@CR36], [@CR41], [@CR42]\] to CIN111.4%9.4%13.3%\[[@CR26]--[@CR28], [@CR35], [@CR36], [@CR41], [@CR42]\]Regression from CIN3 to well3.9%3.9%3.9%\[[@CR27], [@CR37]\] to CIN12.3%1.6%3.0%\[[@CR26], [@CR27], [@CR37]\] to CIN23.0%3.0%3.0%\[[@CR26]\]Hr-HPV: high risk human papillomavirus; CIN: cervical intraepithelial neoplasia; ICC: Invasive Cervical Cancer^a^Average range of annual mortality rate for cervical cancer

Final estimated age-standardized CC incidence rate {#Sec12}
--------------------------------------------------

Table [3](#Tab3){ref-type="table"} showing cervical cancer incidence estimates from all the three models. The indirect standardization and ecological regression based approach (without HIV as a covariate) yielded fairly similarly age standardized incidence estimate of 68.5 and 62.5 respectively and this difference was not statistically significant given the overlap of the 95% CI's. When HIV was included as a covariate in the ecological regression, approach the projected incidence based on method 2 increased significantly to 101 per 100,000. The natural history approach (method 3) yielded a significantly lower incidence estimate compared to methods 1 and 2. TA triangulation of the 3 approaches was employed to estimate the most likely CC incidence in Swaziland in 2014.The triangulated annual age-standardized CC incidence was estimated at 58.6 per 100,000 (95% CI: 53.6.0--65.0) in Swaziland when the ecological model estimates were included without HIV. If we translate this incidence rate to the Swaziland female population aged 30+ for 2015 this would likely have yielded 117 (95% CI: 107--130) incident cases in 2014 among women aged 30 + .Table 3Summary estimates of the modelsModelsEstimates per 100,000Lower boundUpper bound169.466.772.12a62.653.771.82b101.190.3112.2344.641.552.1Triangulation 1:58.954.065.3Triangulation 2:69.463.077.1Number incident cases for female Swaziland population 30+ in 2014 (pop size 152,892)10696118Number incident cases for female Swaziland population 15+ in 2014 (pop size 318,819)221201246Model 2a: with HPV prevalence only; Model 2b: with HPV and HIV; Triangulation 1: 1+(2a+2b)+3: with HIV estimate i.e. 2a+b averaged prior to triangulation with models 1 and 3; Triangulation 2: 1+(2a+2b)+3 (with HIV estimate i.e. 2a+b averaged prior to triangulation with models 1 and 3)

Discussion {#Sec13}
==========

Cervical cancer remains a significant public health concern worldwide especially in the low-income countries \[[@CR43], [@CR44]\]. Continental reports or studies on the incidence of cervical cancer have demonstrated the severity of the HPV related condition \[[@CR45]\]. It has been established that population-based cancer registries are a source for quantifying the disease burden in a defined population. However, the most regrettable situation is that cancer registries are either non-existent or not fully operational in most LCIs such as Swaziland, thus preventing the estimation of the actual disease burden \[[@CR43], [@CR44]\]. Therefore, the use of available HPV prevalence and other HPV natural history parameters data to predict cervical cancer incidence become of paramount importance to cover such a gap. Hence, our study used the local and other African countries' HPV prevalences to predict cervical cancer incidence for Swaziland. Our study demonstrated, as anticipated, a significant linear correlation between population prevalence of hr-HPV infection and cervical cancer incidence. Our study established that HPV among women with normal cytology is a strong predictor of cervical cancer incidence. Based on the three models triangulation approach employed in this study, the predicted average annual age-standardized CC incidence was 58.6 per 100 00 in Swaziland. However, after factoring current HIV prevalence into the model, a higher CC incidence rate estimate of 65.0 per 100000was estimated.

Strengths of the study {#Sec14}
----------------------

This is the first study in Swaziland to estimate the incidence of cervical cancer utilizing local hr-HPV prevalence data and other African countries' data. In addition, we used 3 accepted methods to triangulate a "best guess" estimate. Furthermore, we sourced multiple estimates for the natural history model to try getting the best-weighted estimates for the progression/regression parameter values and also performed a sensitivity type analysis. The further novelty of our study is that we factored HIV in the model to estimate the impact of HIV on the incidence rate of cervical cancer in Swaziland.

Weakness of the study {#Sec15}
---------------------

The key limitations of our study was that our findings are likely to underestimate the incidence rate since our hr-HPV prevalence was obtained from women of the ages between 15 and 49, yet studies have shown that prevalence at later ages tend to show a better prediction of CC incidence. Another limitation of our study is the effect of ecological fallacy relating to model 2. Furthermore, the age specific CC incidence rates for CC may not be same as in Swaziland (very much biased towards South Africa). However, we have similar burdens for HIV/hr-HPV: most of the countries across the southern African region have experienced high HIV and HPV infection. Another limitation is that we did not factor in HIV. However, future work indicates that we will attempt to refine these estimates including HIV parameter/stratification in all modelling approaches. Finally, the mathematical model: the parameter values may be more biased to more developed settings and hence underestimate CC transition probability.

This current study found a strong correlation between the current population hr-HPV prevalence among women with normal cytology and age standardized cervical cancer incidence. These findings are analogous to those observed from the past epidemiological studies \[[@CR7], [@CR46]\]. However, Sharma et al. demonstrated the age factor in the HPV correlation, where HPV prevalence at later ages was found to be an excellent predictor of cervical cancer incidence compared to that of women below the age of 35 years, with prevalence in women age 55--64 presenting the strongest correlation \[[@CR7]\]. Such high risk could be due to a longer persistence of hr-HPV among old age women. Scientific evidence has been presented that the persistence of hr-HPV acutely increases the risk of developing cervical cancer \[[@CR7], [@CR47]--[@CR49]\].

Our study presented, as expected, a predicted high age-standardized cervical cancer incidence (69.4 per 100,000) among the population in Swaziland. Our results were slightly higher than the ASR estimates provided by the GOBOCAN 2012 (53.1 per 100,000) \[[@CR50]\]. These discrepancies might be due to the fact that our study used actual data as compared to the use of standard population or the rates of from neighboring countries or registries in the same area. In addition, the GLOBOCAN data is not stratified by HIV. Comparing our findings with the GBD 2015 (58.1 per 100,000, 95%CI: 17.3--159.1) \[[@CR51]\] our study triangulation estimate without HIV (58.6 per 100,000) were almost identical to GBD estimates. The further novelty of our study is after factoring current HIV prevalence in the model to estimate the impact of HIV on the incidence rate of cervical cancer in Swaziland, a huge increase of ASR CC incidence rate of 101.1 per 100,000 (95%CI: 90.3--112.2) was observed in the ecological model and could suggest that approaches that do not account for high co-infection of hr-HPV and HIV could potentially underestimate cervical cancer incidence in HIV hyper endemic settings, particularly in Southern Africa. The high ASR in the country may be due to the fact that the country is facing a high epidemic of HIV infection as well as an HIV link with high hr-HPV infection both of which are more likely to be persistent. Studies have established that due to the lack of access to relevant prevention approaches and the association with the HIV epidemic, cervical cancer incidence is expected to rise in the next two decades \[[@CR52]\]. Women infected with HIV have an elevated risk of developing certain malignancies and those malignancies are found to be HPV-related, which reflects the high rate of co-infection with HPV in women with HIV \[[@CR53]\].

When comparing our estimated number of incident cases for Swazi female population age 15+, our current study estimated 221 incident cases. Our estimates were in line with annual number of new cervical cancer (223) reported by the GLOBCAN 2012 \[[@CR50], [@CR54]\] and the average prevalent annual number of 220 reported by Swaziland National Cancer Registry in 2015 \[[@CR55]\].

This current study reinforces the affirmation that a well conducted population-based HPV survey may possibly offer crucial information to estimate the risk of cervical cancer, more especially in the absence of or an inaccurate national registry data. Up-to-date and authentic cancer data are crucial to identify most the important considerations for cancer control strategies at the country level, therefore establishing a quality reporting system and legalizing cancer reporting at national level (in private and public health settings) and creating data linkage procedures with the newly established cancer registry will increase the coverage and quality registry in the country. Finally, the biggest implication of such high incidence is the large cost that will occur for public health care resources utilized for the management and treatment of cervical cancer in Swaziland. The higher the incidence of cervical cancer, the higher the economic burden of cervical cancer in the country.

Conclusions {#Sec16}
===========

In conclusion, the observation of this study raises a concern over the burden of cervical cancer where reliable cervical cancer statistics are limited despite the current study showing the high prevalence of hr-HPV and HPV/HIV-coinfection among the Swazi reproductive age women. Our model provided an overall estimate of cervical cancer incidence that can be functional to inform health policy decisions and decision-makers on the allocation of limited resources to prevent and treat cervical cancer effectively. Finally, our study significantly showing the need for future research to modify the natural history model of cervical cancer to factor in HIV co-infection in hyper-endemic settings.
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